La 2 O 3 thin films were prepared by a sol-gel method and annealed in air and vacuum at various temperatures. The X-ray photoelectron spectroscopy (XPS) was used to investigate the properties and composition of films. The La 3d and O 1s spectra of films were analysed. It was shown that oxygen ions in La 2 O 3 are in two states -O 2-anions connected with lanthanum, and oxygen in the (OH) -group. The thermal transformation of lanthanum hydroxide to oxide process was triggered by thermal treatment at temperatures above 600 K. It was shown that after annealing thin films for longer time intervals in vacuum the intensity of O 2-component increases and the intensity of oxygen in (OH) -decreases. The drop of oxygen in the (OH) -group was attributed to dehydration process.
Introduction
Lanthanum oxide (La 2 O 3 ) has chemical and electronic properties that meet the requirements for applications in various fields. Currently, lanthanum containing compounds are studied very actively. The metal-insulator transition, high-temperature superconductivity, ferroelectricity, and colossal magnetoresistance compounds of perovskites are excellent materials for future technological application [1] [2] [3] [4] . For example, LaNiO 3 is one of a few conductive oxides proper for integration in epitaxial heterostructures with perovskites [5, 6] . However, the rare earth oxides have a tendency to absorb water and carbon dioxide from the environment, so that any ex situ exposure of these films to ambient air will result in an uncontrolled reaction and surface stoichiometry variation [7] .
In [5, 8, 9] La-Ni-O films were deposited onto NdGdO 3 monocrystalline (100)-plane oriented substrate using a DC magnetron sputtering system. Investigations on electronic structure and chemical composition of grown LaNiO 3-δ thin films after heating above dehydration temperatures in air and vacuum were performed. After investigation of O 1s spectra of films annealed at high temperatures using an XPS method no water traces were observed. Unfortunately, a comparison of O 1s spectra measurements in situ after annealing in super-high vacuum and after exposure to ambient air for a short (2 hours) time demonstrated a rapid water absorption and LaNiO 3-δ surface hydro oxidation. The hydro oxidation was likely caused by lanthanum oxide as it has a tendency to absorb water from ambient air. It confirms the results of [10] [11] [12] works, where the chemical composition of lanthanum oxide films was investigated using the XPS method. It was shown that independent of synthesis methods and various treatment of the samples (temperature annealing in air or NH 3 and N 2 plasma treatment) the hydro oxidation of pure La 2 O 3 takes place. These results show that we must obtain new synthesis methods which let us produce the lanthanum oxide films without hygroscopic properties.
Recently, a series of experiments to synthesise La 2 O 3 has been done at low temperatures by using the sol-gel method [13, 14] . The La 2 O 3 sol was prepared from a lanthanum alkoxide precursor. However, the chemical composition and hygroscopic properties of the obtained thin films remained not covered. In [15] highly (100)-oriented LaNiO 3-δ thin films were prepared on amorphous SiO 2 /Si (100) substrate by using the sol-gel method. In this case after annealing of films at high temperatures water traces in O 1s spectra were not observed. It shows that the sol-gel method may be a promising solution to avoid water absorption in lanthanum oxide-based thin films.
The aim of this work is to investigate the properties and composition of La 2 O 3 films prepared by the sol-gel method and to verify the absence of water.
Experiment
The powder of lanthanum oxide (99.9% purity, SIGMA) was dissolved in a 30% hydrogen peroxide solution at the temperature of 333 K, because at lower temperatures La 2 O 3 does not dissolve in H 2 O 2 . However, the major part of lanthanum peroxide which appears during dissolving process dismantles at the given temperature of 333 K. The obtained gel was spread on the quartz glass substrate by a spin coating method and left to dry in ambient air for 24 hours. The thickness of produced films was ~10 µm. Finally, dehydration process was performed annealing samples at 773 K temperature for 2 hours. Later samples were annealed in vacuum using different temperatures at variable time intervals (see Table 1 ). After heat treatment in the air at 773 K (samples named A in Table 1 ) samples were annealed at 673 K in vacuum (samples named B in Table 1) and so on in accordance with temperature and vacuum regimes presented in Table 1 . After each annealing the regions of La 3d and O 1s spectra were investigated using the XPS method. X-ray photoelectron spectra were recorded using an XSAM 800 (KRATOS Analytical, UK) spectrometer. The photoelectrons were excited using a non-monochromatized Al Kα (1486.6 eV) radiation source at 15 kV, 300 W. The analyser was used in a fixed retarding ratio mode with an energy resolution ΔE/E = 0.08%. The working pressure in the analysis chamber was maintained below 10 −7 Pa during the spectrum analysis. Photoemission data were collected and processed by the KRATOS DS800 data system. After Al Kα satellites and background subtraction, the complex photoelectron spectra were decomposed into separate peaks by specifying the peak position -binding energy (BE), area, full width at half maximum (FWHM), and Gaussian / Lorentzian ratio. The adventitious carbon C 1s line was used for the fine correction of charging effects and binding energies calibration, supposing its (C 1s) binding energy is equal to 284.6 eV.
Results and discussion
The La 3d core level spectra of lanthanum compounds show results almost identical to [5, 6, 8-12, 15, 16] . It is known that the La 3d core level splits into 3d 5/2 and 3d 3/2 components. The satellite peak of the La 3d core level in insulating compounds on a higher binding energy side is separated from the main peak by about ~4 eV.
The overlap O 1s spectra of annealed La 2 O 3 films are shown in Fig. 1 for A, B , C, and D samples. The O 1s peak consists of two components with binding energies ~528 and ~531 eV. Intensity of the last component is strongly affected by the heat treatment and decreases with the treatment time (component at ~531 eV in Fig. 1 ). The fitting results of XPS spectra of films La 2 O 3 annealed in air (sample A) are presented in Fig. 2 . The O 1s peak consists of two components with binding energies 528.0 and 531.1 eV that correspond to the oxygen ions O 2-in the crystalline network [17, 18] and the oxygen ions in the hydroxyl group [19] , respectively. It must be noted that the character of O 1s spectra after heat treatment in vacuum is similar for all investigated samples (see Fig. 1 ). Consequently, we present a detailed O 1s spectrum only for the sample D which is shown in Fig. 3 . In this case, as for all samples, the O 1s peak consists of two components with binding energies 528.6 and 531.6 eV that correspond to the oxygen ions in La 2 O 3 and hydroxyl groups. The presence of water molecules (it can be indicated by the presence of the component with the binding energy >533 eV in the experimental O 1s peak [17] [18] [19] ) in produced films was not indicated.
XPS investigation results of the samples A, B, C, and D are summarized in Table 2 . It shows that intensity of O 2-component increases and intensity of oxygen in (OH) -group has a tendency to decrease for samples annealed for longer time intervals in vacuum. It can be related to the dehydration process of films.
The changes of the ratio of O 2-/(OH) -for all investigated samples were calculated using the data from Table 2 (Fig. 4) . Going to higher annealing temperatures of thin films the tendency of increase of O 2-anions and decrease of oxygen in (OH) -groups is clearly visible. The ratio of sample A annealed in air at the temperature of 773 K is 0.022, and sample D annealed in vacuum at the temperature of 823 K gets a ratio of 0.889, which is more than forty times higher. It is necessary to notice that XPS study results of all samples after their storage in the air during six months practically do not differ from the initial results.
Conclusions
Thin lanthanum oxide films were fabricated by sol-gel technology and investigated by the X-ray photoelectron spectroscopy method. After synthesis of the films they were thermally processed in vacuum at various temperatures and processing time intervals. Results of XPS spectra study of the samples have shown that irrespective of their thermal treatment lanthanum ions are in a stable La 3+ state. The O 1s peak consists of two components with binding energies: ~528 eV, which corresponds to lattice O 2-anions of the crystalline network, and ~531 eV, which corresponds to oxygen ions in the hydroxyl group. Going to higher annealing temperatures and time intervals the tendency of increasing of O 2-anions and decreasing of oxygen in (OH) -groups was observed. The presence of water molecules in produced films was not indicated. XPS study results of all (A, B, C, and D) thermally annealed samples after their storage in the air during six months practically do not differ from the initial results. The obtained decreasing of (OH) -groups after treatment of the samples in vacuum suggest that after selection of appropriate heat treatment regimes of the samples, the sol-gel method can be useful for receiving of non-hydroscopic films on the basis of lanthanum oxide.
